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The development of feather buds is a highly ordered process involving epithelial–mesenchymal signalling. Cellular morphology is
determined by the actin cytoskeleton, which is controlled by networks of regulators such as the GTPases. EphA4 belongs to a receptor
tyrosine kinase family that has been consistently shown to regulate the cytoskeleton via Rho family GTPases in neural development and is
expressed in early stages of feather bud development though its role has not been defined. We therefore used an in vitro skin culture system to
interfere with EphA4 levels in feather buds using anti-sense oligonucleotides, demonstrating a severe effect on both their number and
morphological form. Analysis of the Rho family of GTPases revealed that this effect was mediated by the GTPase RhoB, the expression of
which was altered in response to altered levels of EphA4. In addition, the inhibition of RhoB mimicked the effects of reduced EphA4 levels
on feather development. Significantly, manipulation of cytoskeletal dynamics revealed that those cells undergoing morphogenetic change
regulate the patterning signals responsible for initiating feather development. We propose that this molecular maintenance mechanism
between EphA4–RhoB and the actin cytoskeleton converges or coordinates with other morphogenic signalling systems to control feather bud
development.
D 2004 Elsevier Inc. All rights reserved.Keywords: EphA4; RhoB; Molecular development
Introduction short, radially symmetrical bud (Chuong, 1993). The induc-The development of feathers in birds is a classic example
of a sequential spacing pattern. Feathers form in tracts, known
as pteric regions, whereby each new row induces the forma-
tion of the next via a ‘wave of morphogenetic activity’
(Sengel and Mauger, 1976). Feather bud development is
initiated by factors originating from the dermis that signal
to the ectoderm, which results in a morphologically distinct
localised thickening of the ectoderm termed the epidermal
placode. The placode then signals back to the dermis to
induce a dermal condensation, which proliferates to form a0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.02.007
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E-mail address: kpatel@rvc.ac.uk (K. Patel).tion, size and spacing of the feather buds aremodulated by the
morphogens and patterning signals available in their compo-
nent tissues (Jiang et al., 1999).
Several studies have sought to decipher the molecular
morphogenetic mechanisms responsible for producing the
feather pattern, and a number have implicated the BMPs as
potential mediators of the formation of a morphologically
distinct placode (Jung et al., 1998; Noramly and Morgan,
1998). Of equal significance are the Wnt proteins, several of
which are present during early feather bud development
(Widelitz et al., 1999), and in particular the Wnt signal
transduction pathway member h-catenin (Huelsken et al.,
2001; Noramly et al., 1999). Jamora et al. (2003) demon-
strated a molecular program linking these signalling systems
to dynamic changes in gene expression, resulting in correct
hair follicle development, a process homologous to feather
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which could then activate Lef1 transcription complexes that
had been able to form due to the inhibition of BMP by
Noggin. This in turn led to a downregulation of E-cadherin,
a molecule responsible for connecting the extracellular
matrix to the cytoskeleton.
Cytoskeletal dynamics are ultimately responsible for
changes in cellular morphology; thus the development of
the distinct placode, and its subsequent growth and orienta-
tion, must be reliant upon rearrangement of the actin cyto-
skeleton. The Rho subfamily of GTPases (comprising Rho,
Rac and Cdc42) are key signal transduction components that
link surface receptors to the cytoskeleton, whereby the nature
of the cytoskeletal change is dependent upon the family
member activated (Hall, 1998; Nobes andHall, 1995). Recent
evidence has demonstrated that Wnt signalling through the
Frizzled receptor is able to activate several members of the
Rho family of GTPases (Habas et al., 2001, 2003). These data
thus link Wnt proteins directly to changes in gene expression
or enzyme activation that in turn affect cytoskeletal dynam-
ics. Less defined however is the effect of cytoskeletal re-
arrangement upon gene expression and in particular the
molecules that directly determine its integrity. Are the pat-
terning signals that induce cell shape change autonomously
maintained, or do those cells undergoing morphogenesis play
a role in the maintenance of the patterning signals?
Although Wnt/h-catenin can induce ectopic placodes, the
buds exhibit abnormal orientation and growth (Noramly et
al., 1999), plus whilst forced Lef1 expression can rescue
follicle development in a Noggin null mutant, the follicles
are not restored to wild-type levels (Jamora et al., 2003). This
suggests that additional patterning signals are required to
cooperate with Wnt/h-catenin to regulate feather develop-
ment. The Eph receptor tyrosine kinases have been impli-
cated in developmental functions such as neural crest
migration, vascular remodelling and most extensively neural
pathfinding and topographic mapping (reviewed in Adams,
2002; Flanagan and Vanderhaeghen, 1998; Kullander and
Klein, 2002). In addition, one member of the Eph family,
EphA4, is expressed in the developing feather placode,
where a role mediating cell shape changes was proposed
(Patel et al., 1999). EphA4 activity has been consistently
linked with activation of Rho family GTPases. Treatment of
retinal ganglion cells (RGCs) with ephrin A5 (a ligand for
EphA4) induced growth cone collapse that was significantly
reduced using Rho-specific inhibitors (Wahl et al., 2000).
Interestingly, contrasting data regarding the inhibition or
activation of RhoA, and the potential role of ephexin, would
appear to indicate that the regulation of the Rho family of
GTPases, their subsequent effects upon the cytoskeleton and
their sequence of activation would appear to be dependent
upon the cell type, tissue type and developmental mechanism
examined (Shamah et al., 2001; Winning et al., 2002).
Eph mediated signalling via the action of GTPases
represents an attractive mechanism by which patterning
information is translated into morphological change. Mor-phological change via cytoskeletal rearrangement is a pri-
mary requirement of the early stages of feather development,
but to date, no examination of the role of EphA4 in this
process has been conducted. We therefore examined the role
of EphA4 in feather development and the mechanism by
which it may achieve this function. Furthermore, we exam-
ined the relationship between initiation and subsequent
maintenance of patterning signals and cellular morphogen-
esis. In this study, we provide evidence that EphA4 signal-
ling is required for the proper induction and maintenance of a
morphologically distinct feather bud. This mechanism was
shown to be dependent on Rho family GTPases, in particular
RhoB, and that the feather bud patterning signals are not
autonomous but are maintained by those cells undergoing
morphogenetic change.Materials and methods
Explant culture of chick skin
Explant cultures were performed in a manner similar to
that described by Jung et al. (1998). Briefly, dorsal skin
from stages 29 to 30 White Leghorn chicken embryos
(Hamburger and Hamilton, 1951) were dissected in PBS
and pinned dorsal side up onto nitrocellulose membranes
(Millipore). Membranes were then placed on a solid 1%
agarose in Dulbecco’s modified Eagle’s medium (DMEM—
Gibco/BRL) base, and supplemented with DMEM contain-
ing 10% fetal calf serum and 2% chick serum (Gibco/BRL).
Explants were grown at the air–media interface at 37jC in
an incubator containing 100% humidity and an atmosphere
of 95% air/5% CO2.
Application of Y27632 and CNF-1 to chick skin explant
cultures was achieved by supplementation of the growth
media. Y27632 (Calbiochem) was dissolved in H2O and
added to a final concentration of 25 Am, CNF-1 dissolved in
PBS, a kind gift from Dr Klaus Aktories, was used at a final
concentration of 1.25 Ag/ml.
Local application of C3 exoenzyme, Toxin A and anti-
sense oligonucleotides was achieved by adding these com-
pounds into a 25–30% solution of pluronic gel (Sigma),
15–30 Al of which was then pipetted directly onto the
explant. Toxin A and C3 exoenzyme (Alexis Biochemicals)
were dissolved in PBS and added to the pluronic gel at a
concentration of 50 ng/Al.
Phosphothioated oligonucleotides were designed in ac-
cordance with the work of Tu et al. (1998), who identified the
tetranucleotide GGGA in RNA transcripts as a potent site for
oligonucleotide binding and efficacy. EphA4 contains 5
CCCT (complementary to GGGA on RNA) motifs (acces-
sion number , D38174). Therefore a series of sense and
antisense oligonucleotides were constructed by Invitrogen
Life Technologies. AON1 Antisense: ACTTCCCACAT-
GACGATGC and SON1 Sense: GCATCGTCATGTGG-
GAAGT; AON2 Antisense: ATGGCCGGGGTCCC and
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CAAGTTCCCATGACA and SON3 Sense: TGTCATGG-
GAACTTG; AON4 Antisense: TCCCACATGACGATGC-
CAT and SON4 Sense: ATGGCATCGTCATGTGGGA. We
tested each series of antisense oligonucleotide (AON) and
control sense oligonucleotide (SON) pairs in preliminary
studies. Observations under light microscope and exami-
nation of Follistatin expression (an early marker of feather
buds) found that AON2-4 did not have an effect either
alone or when combined in over 20 preliminary experi-
ments. SON1-4 control oligos had no effect at any time.
Therefore, the data referred to in this study were conducted
using the AON1/SON1 pair listed above. Oligonucleotides
were applied directly onto cultures every 3 h, after being
prepared in sterile H20 and added to pluronic gel at a
concentration of 10 Am.
Electron microscopy
Chick skin explants were rinsed in PBS and fixed
overnight in 1% glutaraldehyde in PBS. Tissues were then
rinsed in buffer and postfixed in 1% OsO4 for 1 h. Samples
were dehydrated through ascending alcohol series, with
displacement of alcohol accomplished with three changes
of acetone. Samples were then critical point dried, mounted
on specimen stubs and gold sputter coated. Scanning
electron micrographs were scanned as digital images and
assembled in Adobe Photoshop.
Whole-mount in situ hybridisation
Samples were washed in PBS and fixed overnight in 4%
paraformaldehyde in PBS containing 0.1% Triton. Anti-
sense RNA probes were labelled with digoxygenin and
whole-mount in situ hybridisation was performed as de-
scribed by Nieto et al. (1996). The following probes were
used in this study: Shh full-length clone was a gift from Dr
Jane Dodd; EphA4, PCR-cloned fragment (nucleotides
394–813); RhoA (579 bp); RhoB (588 bp); Rac1A (576
bp-chick orthologue of mammalian Rac1) and Rac1B (576
bp-chick orthologue of mammalian Rac3) full-length clones
were generated as described previously (Malosio et al.,
1997). All samples were subsequently photographed on a
Zeiss SMZ500 light microscope using a Nikon 8600 digital
camera; colour plates were assembled in Adobe Photoshop.Results
The first visible evidence of feather bud development is
the presence of a morphologically distinct epidermal placode.
The induction of these placodes is dependent upon cytoskel-
etal re-arrangement achieved by patterning signals, which are
translated by epidermal cells to undergo morphological
change. EphA4 belongs to the Eph kinase family of signalling
molecules and is previously proposed to play a role in earlystages of feather development, though the signal transduction
machinery involved has yet to be elucidated.
EphA4 and feather development
As previously described (Patel et al., 1999), EphA4
expression is detected in the epidermis along the dorsal
midline immediately before and concurrently with the
formation of each row of epidermal feather placodes
(Figs. 1A–C). As each bud matures expression becomes
restricted to the circumference of the bud before becom-
ing further restricted to the posterior domain (Fig. 1D).
To test the hypothesis that EphA4 signalling is necessary
for correct development of feather buds, we used anti-
sense oligonucleotides to interfere with EphA4 signalling,
taking advantage of a skin explant culture system where-
by dorsal skin (epidermis and dermis) is grown on a
nitrocellulose membrane and follows exactly the same
pattern of feather development as seen in ovo. Signifi-
cantly, this system allows us to introduce compounds
directly to the media supplementing the culture or onto
the skin itself.
Phosphothioated oligonucleotides can be used to specif-
ically knockdown the protein expression levels of a given
gene (Makarenkova and Patel, 1999). Preliminary experi-
ments had revealed that one set of oligos (AON1) gave
robust and reproducible effects, indicated by fewer rows and
misshapen buds plus reduced levels of Follistatin transcript
(used as a general molecular marker of buds to verify light
microscope observations—data not shown), and thus was
used for all subsequent experiments. The reduced levels of
transcript indicated that a general regulatory mechanism
might be in place governing the molecular program required
for feather development; therefore, we checked whether the
AON1 would be successful in also knocking down the
expression of EphA4. We administered these oligonucleo-
tides directly onto the surface of dorsal skin cultures using
pluronic gel, a mild surfactant that on it’s own has no effect
upon the development of feathers in culture. HH30 dorsal
skin was cultured for 8 h with control SON1 or AON1 to
examine the early events of bud development and also to
ensure that the effects of the applied compounds would not
be diminished by degradation.
Incubation of skin explant cultures with AON1 revealed
that EphA4 signalling is vital both for the morphological
induction and molecular maintenance of feather buds. Elec-
tron microscopy analysis revealed that one fewer row of
buds were present in the AON1 samples compared to SON1
controls, furthermore, the existing buds were significantly
reduced in size and were of a less regular, radially symmet-
rical form (Fig. 1 compare H and I, n = 3/3). In situ
hybridisation revealed that AON1 caused an almost com-
plete loss of EphA4 transcripts as compared to SON1
controls (Fig. 1 compare E and F, n = 9/12). Neither effect
could be attributed to any generalised death of tissue as
cultures washed in media after AON1 treatment and placed
Fig. 1. EphA4 is expressed in feather buds. Feather bud development is disrupted by the addition of antisense oligonucleotides (AON1) specific to EphA4. At
stage 29, EphA4 expression is detected as a faint band along the dorsal midline, with increased intensity at the site of placode formation (A—arrowhead). At
stage 30, expression is localised to rows 1–3 of feather buds (B), and at stage 31 to rows 1–5 (C—arrowheads). As the feather buds mature, expression
becomes predominantly restricted to the posterior, with transcripts also detected in the circumference of the bud (D—arrowheads). Stage 30 dorsal skin was
cultured for 8 h in the presence of sense oligonucleotide (SON1) controls, AON1 or AON1 plus 1.25 Ag/ml CNF-1. AON1 result in a dramatic downregulation of
EphA4 expression (F) as compared to SON1 controls (E—arrowheads). Faint expression is detected in only the most mature buds (arrow in (F), arrowheads
indicate sites where expression should be present). The addition of CNF-1 appears to rescue the expression of EphA4 (G—arrowheads). Scanning electron
micrographs revealed that AON1 have a clear effect upon the morphology of feather buds. Distinct buds can be seen in the presence of SON1 (H—arrowheads),
whereas the addition of AON1 leads to a clear loss of form and prominence of feather buds (I—arrowheads). The concurrent administration of CNF-1 with
AON1 induces a partial recovery of form in the developing feather buds (J—arrowheads) (scale bar H–J = 100 Am).
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shown).
We proposed that EphA4 mediates its effects on feather
development via the cytoskeleton, implying that the effect
of downregulation of EphA4 by AON1 is to block cyto-
skeletal dynamics. To test this, we co-cultured skin explants
with AON1 plus 1.25 Ag/ml cytotoxic necrotising factor-1
(CNF1), an Escherichia coli produced toxin that results in
constitutively active Rho GTPases and cytoskeletal stimu-
lation (Flatau et al., 1997; Lerm et al., 1999; Schmidt et al.,
1997). Strikingly, the co-culture of AON1 with CNF1 led
to a considerable reversal of the AON1 effect. The consti-
tutive stimulation of the cytoskeleton restored some ex-
pression of EphA4 transcripts in the appropriate pattern
(Fig. 1G, n = 8/12), and whilst electron microscope images
revealed that the general form of the buds remained poor
relative to SON1 controls, there was a distinct improvement
in prominence and form compared to the AON1 cultures
(Fig. 1J, n = 3/3). Taken together, these data indicate that
EphA4 is necessary for the normal development of featherbuds, that this function is mediated through the cytoskel-
eton, and significantly, also suggests that the stimulation of
the cytoskeleton may maintain the presence of signalling
molecules that direct its activity in feather development.
Expression of Rho GTPases during feather development
Stimulation of the cytoskeleton leads to a rescue of the
AON1 phenotype, however, CNF1 is a non-specific activa-
tor of Rho family GTPases; therefore, we asked which Rho
family members may be responsible for this rescue. To this
end, we initially examined the in situ hybridisation expres-
sion patterns of RhoA and RhoB, and Rac1A and Rac1B
GTPases as candidate molecules that would interact with
EphA4 during feather development. Differing and dynamic
patterns of expression were observed for the GTPases
examined (Fig. 2), the most significant being that of RhoB
which was expressed throughout the entirety of the devel-
oping placode. The expression of RhoB was observed
concurrently with the presence of each new row of feather
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under light microscope revealed at each stage that no new
rows of morphologically distinct placodes were present that
preceded the expression of RhoB transcripts. Furthermore,
examination of transverse tissue sections revealed two
significant points: RhoB is strongly expressed in the epider-
mis in the cells comprising the placode (Fig. 2J), and
secondly, RhoB transcripts can be detected in tissue sectionsin the regions where new placodes are due to form just
before any morphological change. In maturing buds, the
expression of RhoB becomes mostly restricted to the bud
circumference and anterior compartment (Fig. 2K). The
expression of both Rac1A and Rac1B followed a different
pattern from that of RhoB. Transcripts for Rac1A were also
detected early in feather development, just following that of
RhoB, and also appeared in each new row of buds (Figs.
I.W. McKinnell et al. / Developmental Biology 270 (2004) 94–105 992L–O). Significantly, however, transverse cryosection
revealed that expression was confined to the dermal com-
partment of the bud (Fig. 2P), and was present in non-
placode regions. In the mature bud, expression was detected
in the circumference (Fig. 2Q). Rac1B did not show any
expression in the feather buds until stage 31 where it
appeared to be faintly expressed throughout the entirety of
the maturing buds (Figs. 2R–U); however, in tissue sec-
tions, it was not possible to detect any expression suggesting
the very faint expression in developing buds could well be
background staining due to tissue density. Expression could
be detected in the neural tube however (Fig. 2V), indicating
that the probe itself was not degraded. Expression of RhoA
transcripts was not detected in feather buds at any stage
studied in either whole-mount or tissue section (Figs. 2A–
D), but was detected in the neural tube (Fig. 2E). Taken
together, these data suggest that RhoB is a strong candidate
for mediating the morphological change required in the
formation of feather placodes and the rescue of the AON1
phenotype.
The role of RhoB in feather development
To demonstrate that RhoB was indeed responsible for the
control of the cytoskeleton in initiating feather development,
we inhibited RhoB signalling, predicting that inhibition of
RhoB would recapitulate the phenotype observed using
AON1. Therefore, we cultured dorsal skin explants in the
presence of specific inhibitors of Rho GTPases. Toxin-A
(from Clostridium difficile) and C3 exoenzyme (from Clos-
tridium botulinim) are potent inhibitors of Rho GTPases
(Aktories et al., 1989; Dillon et al., 1995; Genth et al., 2003;
Just et al., 1995). We delivered these reagents to the surface
of skin explant cultures in pluronic gel. Pluronic gel with
either Toxin-A or C3 exoenzyme was placed over one half
of stage HH30 cultures, from the dorsal midline to the
lateral edge, which were maintained for a further 18 h. The
expression of both RhoB and Sonic Hedgehog (Shh) was
assayed. RhoB was used as a marker of placodes and also to
examine if the molecular signals downstream of EphA4
were affected. Shh was used due to its presence throughoutFig. 2. In situ hybridisation expression patterns of Rho family GTPases during the
expression of RhoA (A–E) was not detected at any stage during feather bud devel
however in other regions of the embryo such as the neural tube (E—arrows). At sta
midline (F—arrow). Subsequently, at stage 29, transcripts were detected in each in
their appearance (G), a pattern that was maintained with each subsequent row as se
RhoB expression was detected very strongly in the epidermis just as morphologica
region (arrowheads). As buds matured, the expression became predominantly
throughout the circumference of the bud (K—arrowheads). Expression of transcrip
expression remained in row 1 only at stage 30 but had become stronger (N—arrow
buds (O) (arrows). Cryosection revealed that Rac1A transcripts were localised to th
not restricted to just the bud region as expression was also maintained throug
expression became restricted to the bud circumference, with a degree of bias to th
feather placodes at stages 28–30 (R–T). Rac1B transcripts were detected faintly
expression of Rac1B transcripts could be detected in sections. Strong expression of
tube (V—arrows).all stages of feather bud development, in both the placode
and underlying stroma. Transcripts of both RhoB and Shh
were almost entirely absent from cultures in the regions
treated with either Toxin-A (Figs. 3C and D, n = 16/16) or
C3 exoenzyme (Figs. 3A and B, n = 16/16). This effect was
observed both in midline areas where previously there had
been placodes and also more laterally where placodes would
have been expected to appear. There appeared to be some
residual expression of RhoB in the regions treated with
Toxin-A (Fig. 4C), however, this was diffuse and was not
placode specific.
To ensure that this effect could not be attributable to low-
level effects on Rac GTPases (Rac GTPases are 100-fold
less active as substrates, also Rac1a is also observed in the
dermal compartment of feather buds), we also treated
cultures with compound Y27632, a specific inhibitor of
ROCK, a downstream effector of Rho activity (Maekawa et
al., 1999). Treatment of cultures with Y27632 caused a
massive reduction in the expression of RhoB (Fig. 3
compare E and F, n = 8/8) and Shh (Fig. 3 compare G
and H, n = 8/10), with the detection of transcripts only being
maintained in the most mature buds. Expression was entire-
ly lost from young buds and no new rows of expression
were detected as compared to controls. Electron microscopy
revealed that those cultures treated with Y27632 had fewer
rows of feather buds as compared to controls, suggesting
that no new buds had been added after the start of treatment.
In addition, the buds that were still detectable were consid-
erably less prominent than those in control cultures (Fig. 3
compare I and J, n = 4/4). Taken together, these data
demonstrate directly that RhoB is responsible for the actin
reorganisation required for feather placode formation, and
some degree of early feather bud maintenance. In addition,
they indicate that interference with the cytoskeleton down-
stream of EphA4 also affects maintenance of the molecular
signals that control it.
To ensure that the observed effects seen were not due to a
non-specific toxic action, we cultured stage HH30 dorsal
skin with C3, Toxin A or 2.5 Am cytochalasin D, a potent
inhibitor of all actin microfilament formation (Cooper,
1987). After 18 h, the culture was bisected along theearly development of chick feather buds. Whole-mount in situ hybridisation
opment (arrow in D indicates clearly visible buds). Expression was detected
ge 28, RhoB expression was detected in a continuous stripe along the dorsal
dividual placode in the first row of presumptive feathers, concurrently with
en at stages 30 and 31 (G–I) (arrows). Transverse cryosection revealed that
lly distinct placodes were being formed (J—arrows), but not in the interbud
restricted to the anterior domain (arrow), with some expression retained
ts for Rac1Awas first observed faintly at stage 29 (M—arrow) in row 1; the
). By stage 31, expression of Rac1Awas detected in all five rows of feather
e dermal compartment of the feather buds (P—arrowhead), but that this was
hout the dermal layer (arrows). Examination of mature buds showed the
e bud posterior (Q—arrows). Rac1B transcripts were not detected in early
throughout the mature feather buds at stage 31 (U—arrow), however, no
Rac1B could be detected in other regions of the embryo, such as the neural
I.W. McKinnell et al. / Developmental Biology 270 (2004) 94–105100midline, one half was fixed for subsequent processing,
whilst the other half was placed back into culture with
control media for a further 18 h before fixation. In keepingwith earlier results, the half-culture fixed after 18 h treatment
showed a complete absence of transcripts for either RhoB or
Shh, however, the half-culture placed back into control
I.W. McKinnell et al. / Developmental Biology 270 (2004) 94–105 101media for 18 h expressed both RhoB and Shh in a placode-
specific manner in keeping with the predicted control
culture rate of one new row every 6 to 8 h (data not shown).
Inter-dependence of EphA4, RhoB and the cytoskeleton
Data presented above indicated that disruption of a
morphogenetic signalling cascade at the level of the cell
membrane (EphA4), or further downstream (RhoB), results
in a distinct loss of morphological form in feather buds,
together with a concurrent loss of molecular signals. We
have predicted that EphA4 and RhoB are component parts
of the same signalling cascade, thus to test this inter-
dependence, we analysed the expression of both EphA4
and RhoB in response to both activation and inhibition of
the cytoskeleton.
To this end, we used AON1 treatment to ask if EphA4
knockdown resulted in a disturbance of RhoB expression
levels and Y27632 to assess if inhibition of RhoB signalling
affected EphA4 expression. We used stage HH29 explants to
fully examine the most primary events in placode develop-
ment over a period of 18 h. After 18 h in culture, strong
placode-specific expression of both EphA4 (Fig. 4A, n = 8/8)
and RhoB (Fig. 4B, n = 8/8) was observed in the SON1
control cultures. In keeping with previous results, the AON1-
treated samples showed a significant reduction in EphA4
transcript (Fig. 4C, n = 8/8), however, it was also demon-
strated that in the presence of AON1, a marked reduction of
RhoB transcripts was also apparent with only very diffuse
low-intensity staining detected (Fig. 4D, n = 8/13). Simi-
larly, inhibition of RhoB signalling by Y27632 also led to a
downregulation of the expression of both genes, with little,
if any, expression of EphA4 (Fig. 4E, n = 6/6) or RhoB
(Fig. 4F, n = 7/10) being retained in a placode-specific
manner. These data indicated that loss of expression of one
gene resulted in concurrent loss of the other.
We also cultured skin explants with AON1 and CNF1,
or AON1/CNF1 and Y27632 to directly assess whether the
action of CNF1 could be influenced by modulating RhoB
expression and activity. Co-culture of AON1 and CNF1
revealed that in addition to a partial molecular rescue of
EphA4 expression (Fig. 4 compare G and C, n = 4/4),
CNF1 also resulted in the return of placode-specific ex-
pression of RhoB, as compared to AON1 treatment alone
(Fig. 4 compare H and D, n = 6/8). Strikingly, when skin
cultures where co-expressed with AON1/CNF1 andFig. 3. Rho-specific inhibitors significantly affect feather development. Stage 30 do
Rho signalling. C3 exoenzyme was applied in pluronic gel to one side of each cult
in situ hybridisation analysis revealed that transcripts for both RhoB (A) and Shh
was observed following administration of Toxin-A in pluronic gel to each culture
diffuse and not localised as feather placodes (C). The expression of Shh is entirely a
was added to cultures of stage 30 dorsal skin for 18 h. The addition of Y27632 sig
expression of both RhoB (F) and Shh (H) (arrowheads indicate only the most matu
Scanning electron micrographs showed a significant effect of Y27632 on the morp
seen in control cultures (I), whereas cultures containing Y27632 showed both a sev
epidermal thickenings (J) (arrows) (scale bar I– J = 100 Am).Y27632, the molecular rescue effect observed in the
AON1/CNF1 cultures was entirely abolished for both EphA4
(Fig. 4 compare I and G, n = 6/6), and RhoB (Fig. 4 compare
J and H, n = 6/6). Taken together, these data appear to
indicate inter-dependence at the molecular level between
EphA4 and RhoB that is responsive to the dynamics of the
actin cytoskeleton.Discussion
In this study, we describe the role of EphA4 in the
generation and maintenance of feather buds; and provide
evidence that EphA4 signals through the GTPase RhoB to
induce morphologically distinct epidermal placodes. In
addition, we demonstrate that patterning signal cascades
are not autonomously maintained concerning changes in cell
morphogenesis, but are in fact maintained by signals from
the cells they target that are undergoing morphological
change.
EphA4 and feather development
To this point, the ligand that must activate EphA4 in
feathers has not been identified, however, preliminary data
from our lab suggests it may be EphrinB2 (data not shown),
which has previously been shown to bind EphA4 (see Orioli
and Klein, 1997). EphA4 transcripts were found preceding
and coinciding with development of the placode, where it is
detected throughout; subsequently, the expression is restrict-
ed to the circumference of the bud. The data resulting from
the knockdown of EphA4 function achieved via phospho-
thioated antisense oligonucleotides indicated that any loss of
EphA4, which interestingly was accompanied by a severe
reduction in mRNA transcripts, was reflected in the mor-
phological form of the feather buds (Fig. 1). Although we
did not directly demonstrate a block of EphA4 protein
translation, the unpredicted but robust loss of EphA4 ex-
pression indicates a loss of transcription, which must in turn
lead to an absence of translation. Whilst some questions
remain about the general success and specificity of using
anti-sense oligonucleotides, it should be noted that only one
of the four sets tested exerted any morphological or molec-
ular effect. In addition, the sequence used for designing the
AON1 oligo did not match any other gene when run through
DNA databases. Buds reverted from a defined, radial andrsal skin was cultured for 18 h in the presence of three separate inhibitors of
ure (broken line marks the border between treated and non-treated regions),
(B) were not detected in the treated region of each culture. The same effect
. Some expression of RhoB is retained in the treated area, however, this is
bolished (D). Twenty-five microns of Y27632, the ROCK-specific inhibitor,
nificantly reduced the number of feather placodes/buds as determined by the
re buds retaining any expression) as compared to control cultures (E and G).
hology of feather buds. Ordered rows of discrete, prominent buds could be
ere reduction in the number or rows observed, and in the form of remaining
Fig. 4. Downregulation of EphA4 alters levels of RhoB transcripts; inhibition of RhoB signalling alters EphA4 expression. Stage 29 dorsal skin was cultured for
18 h in the presence of SON1 controls or AON1 specific for EphA4. Strong placode-specific staining was detected for both EphA4 (A) and RhoB (B) in SON1
controls (arrowheads). In comparison, AON1 resulted in a marked down-regulation of both EphA4 (C) and RhoB (D) expression (arrowheads mark weak
remnants of expression). Treatment of cultures with the ROCK inhibitor Y27632 resulted in a significant decrease in the level of both EphA4 (E) and RhoB (F)
transcripts (arrowheads). Modulation of RhoB signalling negates the restorative effect of CNF1 on EphA4 and RhoB expression. Stage 29 dorsal skin was
cultured in the presence of AON1 plus 1.25 Ag/ml CNF-1, or AON1/CNF-1 plus 25 Am of Y27632. The co-culture of CNF1 with AON1 modestly restored the
expression of both EphA4 (G) and RhoB (H) (arrowheads mark placode-specific expression), as compared to cultures treated with AON1 alone (C and D).
Cultures treated with AON1/CNF/Y27632 failed to restore expression and retained only weak levels of transcript (I and J).
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presented in Fig. 4 using slightly younger explants would
seem to indicate that the most primary events of placode
formation are dependent upon EphA4 signalling; no rows of
buds were induced and the effect on molecular expression
was almost total. Significantly, the relatively short time
scale over which this could occur (8 h) would suggest that
this was due to the loss of a direct signalling cascade from
the extracellular membrane to the cytoskeleton. Constitutive
activation of the cytoskeleton resulted in a partial rescue of
the feather buds, and perhaps surprisingly, also rescued the
loss of EphA4 and RhoB transcripts. Previous authors have
described positive regulatory loops involving signalling
cascades that regulate the cytoskeleton, whereby activated
GTPase proteins are able to affect signals upstream of their
position in the initial cascade. For example, Cho and
Klemke (2002) and Ren et al. (1999) described how in
pseudopodia, a protein scaffold, including CAS/Crk, is
formed which facilitates the translocation and activation of
Rac1; the disassembly of the complex results in down-
regulation of Rac1 activity and pseudopodia retraction.
Dominant negative Rac1 was then observed to result in a
significant decrease in CAS/Crk coupling and pseudopodia
extension, indicating that Rac1 could operate upstream to
specifically regulate protein signal complexes. Whilst our
data similarly inhibit GTPase mediated cytoskeletal dynam-
ics, unlike the above authors who assessed the effects on
protein complex regulation, we describe a molecular effect
at the level of gene expression.
Rho family GTPases and feather development
Several lines of evidence lead us to believe that RhoB is
the most likely candidate to mediate the cytoskeletal
rearrangements clearly caused by EphA4 signalling in
feather development. Initially, differing and dynamic pat-
terns were observed in the normal expression of the Rho
family of GTPases (Fig. 2), however, only RhoB expres-
sion was coincident with placode formation, and most
significantly was very strongly expressed in the epidermal
layer throughout the entirety of the placode. Rac1A was
also expressed relatively early in feather development,
however, the expression was confined to the dermal com-
partment and was not placode-specific but was detectable
throughout the dermis of both placode and non-placode
regions. Thus, the evidence from the in situ hybridisation
screen would appear to demonstrate that at least at placode
forming stage, RhoB is responsible for transducing the
EphA4 signal to the cytoskeleton that results in morpho-
logically distinct placodes.
Rho-specific inhibitors were able to mimic the effect of
AON-specific to EphA4 upon feather placode development
(Fig. 3). Using C3 exoenzyme and Toxin A, no new
placodes were formed and significantly the loss of feather-
specific gene expression was also mimicked, in both recent
placodes and maturing buds. Both those agents retain some,albeit very reduced, ability to act on the Rac GTPases,
therefore, we also used an inhibitor (Y27632)-specific to
ROCK, a downstream mediator of RhoA and RhoB signal-
ling (Maekawa et al., 1999), to ensure that the observed
effects were not due to cross GTPase inhibition. Consider-
able literature exists citing Y27632 as a specific ROCK
inhibitor (Miao et al., 2003; Stamatovic et al., 2003; Wang
et al., 2004), in addition, as discussed above, our in situ
hybridisation data revealed no expression of RhoA in
feather buds and also showed that the only GTPase family
member expressed in an epidermal placode-specific manner
is RhoB. Therefore, we are confident that we can interpret
the results using Y27632 as specific to RhoB. The treatment
of cultures with Y27632 mimicked that of C3 exoenzyme
and Toxin A concerning the development of new placodes
and maturation of recently formed placodes plus the mo-
lecular signals were absent. Again, the use of younger stage
explants in Fig. 4 demonstrates that the more primary events
are more susceptible to inhibition of Rho signalling. This
indicates that in the earlier the stage of placode develop-
ment, more RhoB is responsible for mediating the morpho-
logical changes required. The most mature buds showed
some resistance to treatment with Y27632 alone, and this
would appear to indicate, as will be discussed below, that as
the bud matures, other GTPases, potentially Rac1A, play a
more significant role in the maintenance and maturation of
the buds.
Rho family GTPases and maturing bud development
At later stages, RhoB-like EphA4 is no longer expressed
throughout the developing bud but maintains a low-level
expression in the bud circumference. As development pro-
gresses, RhoB then becomes restricted to the anterior of the
bud, whereas EphA4 becomes restricted to the posterior (see
Figs. 1 and 2). We suggest that functional significance is
retained at this stage of development between EphA4 and
RhoB in the circumference. Again, the expression of RhoB
in the feather bud-specific epidermal compartment makes it
the only candidate examined that could specifically interact
with EphA4 in this region. Neither antisense oligonucleotide
treatment nor Y27632 treatment could entirely abolish
maturing feather buds, either morphologically or molecu-
larly (e.g., Figs. 3F, H and J) suggesting that some degree of
actin polymerisation, not under the control of RhoB, must
be required at this stage of development. We therefore
suggest that at stages of bud maturation, other GTPases
play roles in the growth and proliferation of the bud, with
Rac1A being a likely candidate for this role due to its
expression in the circumference of the bud at the dermis–
epidermis boundary. Consequently, we suggest the EphA4–
RhoB signal cascade is responsible for low-level mainte-
nance of bud form. The mutually exclusive domains of
expression of EphA4 and RhoB in more mature buds would
appear to indicate a divergence of function. As discussed
previously, the actions of the Eph family mediate a complex
I.W. McKinnell et al. / Developmental Biology 270 (2004) 94–105104variety of events. The effect of EphA4 alone on cytoskeletal
dynamics would appear to be cell- and tissue type-depen-
dent and can indulge in differing activation/inhibition
mechanisms of Rho proteins (Winning et al., 2002). Recent
data have revealed some novel roles for Rho GTPases as
participants in cell polarity, gene transcription and the cell
cycle (reviewed in Etienne-Manneville and Hall, 2002), all
of which may be relevant to the expression of RhoB in the
anterior of the bud, but are outside the scope of this present
study.
EphA4, RhoB and molecular inter-dependence on the
cytoskeleton
The experiments conducted in Fig. 4 point to inter-
dependence between EphA4, RhoB and the dynamics of
the cytoskeleton. It was shown that modulating RhoB activity
directly determined the effects of cytoskeletal stimulation on
both morphology and molecular cues. Earlier, we asked
whether patterning signals responsible for morphological
change are autonomous, or whether once initiated, are they
maintained by those cells they target? We suggest that the
data resulting from the CNF1 and Y27632 experiments are
most instructive on this question. In situations where mor-
phological change was being induced, and hence the cyto-
skeleton was in a dynamic state of activity (whether this was
in a control situation or in response to CNF1), the molecular
markers of feather development were clearly expressed.
However, when the cytoskeleton was prevented from dynam-
ic activity (AON1 or Y27632), and hence no morphological
change was occurring, the molecular program was not main-
tained. The fact that when cultures were removed from
experimental to control conditions they developed normally
suggests that the inductive signals for placode formation, or
the competence to respond to or reiterate previous signals
present in the epidermis, are retained after the collapse of the
maintenance mechanism. It also suggests that in the absence
of this morphological-molecular driving force, the placode
cells revert to their previous fate of a heterogeneous sheet of
cells. Therefore, we would state that patterning signals
initiate cytoskeletal dynamics in precise locations, which in
turn maintain those signals for the time such that cellular
structures continue to alter their morphology.
Previously authors have described Rho family GTPases
as playing roles in both regulation of gene transcription and
mRNA translation, with subsequent detection of altered
protein levels (Adnane et al., 2000; Mettouchi et al.,
2001). It is therefore tempting to ascribe a similar function
to RhoB in molecular regulation that we observe between
the signalling molecules present in the extracellular mem-
brane and the cytoskeleton. However, experiments to deter-
mine such outcomes are beyond the scope of this study.
Studies on vertebrate gastrulation by Habas et al. (2001,
2003) demonstrated that Wnt proteins could induce both
Rho and Rac GTPases in parallel pathways. Work on hair
placodes by Jamora et al. (2003) demonstrated that multiplesignalling inputs might be required to converge upon gene
transcription networks to induce morphological change. As
discussed above, in feather buds, Wnt proteins would
appear to be responsible for the initial induction of placode
development; however, the failure of ectopically induced
buds to develop correctly led to the speculation that other
signalling systems are required to cooperate with Wnt
signalling in feather development. We provide evidence
that the receptor tyrosine kinase EphA4 contributes to the
development and maintenance of feather buds by inducing
changes in the actin cytoskeleton via the small GTPase
RhoB, resulting in morphologically distinct structures.
Intriguingly, inhibition of cytoskeletal dynamics also results
in the loss of Wnt7a expression (I. McKinnell and K.
Patel—data not shown). These two sets of proteins may
well converge upon RhoB in a cooperative signalling
pathway that forms part of a positive regulatory mechanism
maintained by the cytoskeleton.Acknowledgments
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